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Abstract 

Habitat fragmentation of freshwater ecosystems is increasing rapidly, however the understanding of extinction debt and 
species decline in riverine habitat fragments lags behind that in other ecosystems. The mighty rivers that drain the Himalaya 
- the Ganges, Brahmaputra, Indus, Mekong and Yangtze - are amongst the world's most biodiverse freshwater ecosystems. 
Many hundreds of dams have been constructed, are under construction, or are planned on these rivers and large 
hydrological changes and losses of biodiversity have occurred and are expected to continue. This study examines the causes 
of range decline of the Indus dolphin, which inhabits one of the world's most modified rivers, to demonstrate how we may 
expect other vertebrate populations to respond as planned dams and water developments come into operation. The 
historical range of the Indus dolphin has been fragmented into 17 river sections by diversion dams; dolphin sighting and 
interview surveys show that river dolphins have been extirpated from ten river sections, they persist in 6, and are of 
unknown status in one section. Seven potential factors influencing the temporal and spatial pattern of decline were 
considered in three regression model sets. Low dry-season river discharge, due to water abstraction at irrigation barrages, 
was the principal factor that explained the dolphin's range decline, influencing 1) the spatial pattern of persistence, 2) the 
temporal pattern of subpopulation extirpation, and 3) the speed of extirpation after habitat fragmentation. Dolphins were 
more likely to persist in the core of the former range because water diversions are concentrated near the range periphery. 
Habitat fragmentation and degradation of the habitat were inextricably intertwined and in combination caused the 
catastrophic decline of the Indus dolphin. 
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Introduction 

Fresh waters are experiencing declines in biodiversity far greater 
than those in the most affected terrestrial ecosystems [1,2]. Dam 
construction has dramatically increased habitat fragmentation and 
degradation in freshwaters, which is likely to have incurred a large 
unredeemed extinction debt [3] . However, this debt is not yet well 
quantified or understood, as metapopulation ecology in freshwa- 
ters has lagged behind similar work in other habitats, such as 
tropical forests [4,5,6]. A fundamental, yet unanswered question 
for conservation biology is how rapidly freshwater species 
disappear from river fragments and which factors influence the 
extinction of freshwater species in habitat patches. We investigate 
this issue using the example of the highly fragmented Indus River 
system and its endemic, endangered freshwater cetacean. 

The great rivers that drain the Himalaya are amongst the 
world's most biodiverse freshwater ecosystems, but they are 
increasingly under threat as the emerging nations of China, India, 
and Pakistan and the countries of Southeast Asia scramble to 



harness hydropower and provide water for expanding agrarian 
economies, in the midst of increasing water scarcity and climatic 
uncertainty [7,8,9]. Many hundreds of new dams and other water 
development projects are planned or under construction in the 
region, including mainstem and tributary mega-dams, run-of-the- 
river hydroelectric schemes, irrigation barrages, and inter-basin 
water transfers [10,1 1]. The Himalayan region will soon have the 
highest concentration of dams in the world [12]. The combined 
effects of these activities are predicted to cause rapid and escalating 
hydrological change and habitat fragmentation that will negatively 
impact riverine biodiversity and ecosystem services [9, 1 3] . 

The freshwater cetaceans that inhabit the largest Himalayan 
rivers, the Indus, Ganges, Brahmaputra, Yangtze, Mekong, and 
Ayeyarwady, collectively form one of the world's most endangered 
groups of mammals, each listed as endangered or critically 
endangered on the IUCN RedList [14], and, in the case of the 
Yangtze River dolphin (Lipotes vexillifer), the species has probably 
been extinct since the mid-2000's [15]. River dolphins are iconic 
species that can serve as charismatic flagships for conservation of 
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freshwater ecosystems; but they are poorly understood and 
increasingly threatened. This is exemplified by the demise of the 
Yangtze River dolphin which disappeared so quickly that a 
comprehensive evaluation of the causes of its decline was not 
conducted until after it was presumed extinct [16]. 

We examine the pattern, and causes of range decline of the 
Indus dolphin (Platanista gangetica minor), an obligate freshwater 
cetacean endemic to the Indus River system, which, after more 
than 150 years of barrage (gated-dam) construction and removal of 
water to feed irrigated agriculture, is one of the most fragmented 
and modified rivers in the world. The distribution of the Indus 
dolphin was carefully documented in the 1870's, (just prior to the 
first major barrage being constructed) and at that time the dolphin 
inhabited the entire lower Indus River system from the delta with 
the Indian Ocean, to the foothills of the Himalayas in what is now 
India and Pakistan [17]. By the early 1990's, Indus dolphins had 
undergone an 80% reduction in range, having been extirpated 
from the upper and lower reaches of the Indus and four of the 
largest tributaries [18]. They are now confined to five contiguous 
'river sections' on the Indus mainstem in Pakistan, separated by 
barrages, and in the Beas River, in India (Fig. 1) [19,20]. Details of 
when dolphins were extirpated from different parts of their former 
range are vague, and the causes not clearly understood. However, 
the construction of twenty irrigation barrages between 1 886 and 
1971 (gated-dams used for water diversion) that fragmented the 
dolphins historical range into 17 river sections (numbered 1-17 on 
Fig. 1), and large-scale water abstraction for irrigation rendering 
many sections of river almost dry for many months, certainly 
played a role (see Fig. 2) [19,21]. 

In this paper we document the spatial and temporal dynamics of 
the Indus River dolphin range decline, and then use a series of 
regression models to determine the causes of the spatial pattern of 
decline, the timing of subpopulation extirpation, and the speed of 
subpopulation disappearance after habitat fragmentation. Greater 
understanding of how the Indus dolphin has responded to the 
presence of dams and water diversions within its habitat 
demonstrates how we may expect other vertebrate populations 
to respond as planned dams and water developments come into 
operation elsewhere. The results provide important and relevant 
insights into factors influencing species extinction in fragmented 
riverscapes. 

Methods 

Last Dolphin Sighting Date 

The status of each of the six extant dolphin subpopulations is 
fairly well understood [19,22], but there is littie information on 
when or why dolphins disappeared from the 1 1 river sections 
where dolphins are presumed extirpated (Fig. 1). In 2007, we 
compiled historical dolphin sighting dates and locations from areas 
in which dolphins are believed to have been extirpated, by 
conducting community interviews, and a review of historical 
literature. GB received clearance from the Pakistan Home 
Department for the survey, and as there was no appropriate 
ethics or review board in Pakistan to provide approval no other 
permits were required. Depending on location, dolphins are 
believed to have disappeared between 20 and 80 years ago, so the 
short structured interviews targeted elderly riverside inhabitants 
old enough to have seen dolphins in their lifetimes. The objective 
of the interviews was explained to potential interviewees and they 
provided their verbal, rather than written, consent to participate as 
the majority were illiterate. All interviews were anonymous. A 
calendar of significant local historical events was compiled to assist 
informants in recalling dates correcdy. A last dolphin sighting date 



(LDSD) was allocated to each river section based on the most 
recent dolphin sighting that we identified. We did not attempt to 
identify the exact extinction date of each subpopulation [23], but 
used the LDSD as a general indicator of when dolphins 
disappeared [24] . Inexact dates were assigned to 5 year intervals, 
for example, if the date was early 1970s, a date of 1972 was 
assigned, if it was mid 1970s, 1975 was designated, and if it was 
late 1970s the date used was 1978. 

Identifying the Causes of Range Decline 

The following seven explanatory variables that may have 
contributed to the Indus dolphin range decline were determined 
for each of the 17 sections of the dolphin's former range: 

1 . Fragmentation date - The year that each river section was created; 
assigned as the date that the second of the two bounding 
barrages became operational. For the river section upstream of 
Harike barrage in India, the isolation date was assigned as the 
completion date of Hussainiwala barrage which is located only 
30 km downstream of Harike. 

2. River length - The number of river kilometres between two 
barrages. 

3. Proximity to range edge - The distance along the river's course 
from the former dolphin distributional limit recorded by 
Anderson [17], to the barrage located closest to the range core. 

4. Size of river - The mean annual discharge in Million Acre Feet 
reported for each river prior to implementation of the Indus 
Water Treaty in 1960 [25]. This illustrates original river size 
prior to large-scale water abstraction. 

5. Confluences - The number of river confluences within each river 
section was included as an indicator of favourable habitat, as 
Indus dolphins occur with higher frequency at confluences 
[26]. 

6. River slope - The slope within each river section was calculated 
as the drop in elevation between the up and downstream 
barrages, or upstream range limit in the case of peripheral 
segments, divided by the length of river. Slope exerts a direct 
effect on flow velocity and sediment transport and therefore 
may influence dolphin habitat. 

7. Dry season river discharge - River discharge data were obtained for 
all twelve barrages and two dams north of Guddu on the Indus 
River system in Pakistan for the period July 2008 to April 2013 
(4 years 9 months). The daily discharge below Guddu and 
Kotri barrages was obtained from October 20 1 0 to April 20 1 3 
(~2 Vi years), and discharge below Sukkur barrage was 
obtained from April 1994 to January 2000, and October 2010 
to April 2013 (8 years 3 months). Occasional missing data were 
interpolated. It is very low flows that are likely to adversely 
impact dolphins, therefore median daily discharge during the 
dry season (1 st October to 31 st March) was determined using 
the years for which there was an entire dry season's data. Mean 
monthly discharge was available above and below Harike and 
Hussainiwala barrages in India from January 2009 to 
December 2011, and for these two river sections the median 
of the mean monthly dry season discharge was used. The 
number of years of data available differed according to barrage 
but the temporal discharge pattern was predictable and similar 
across years in each location. 

Generalised Linear Models (GLMs) and a survival analysis were 
used with the seven explanatory variables described above as 
predictors of the continued presence of river dolphins in each of 
the 17 river sections. Generalised Additive Models were used in 
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Figure 1. Map of the lower Indus River system. Rivers and barrages are named, and each river section is numbered and coloured according to 
whether river dolphins are extant, or the approximate date that they were extirpated (see Table A1 for details). 
doi:1 0.1 371 /journal.pone.01 01 657.g001 



the initial data exploration to visually investigate whether the 
relationship between the predictor and explanatory variables was 
linear, and, which type of transformation could be used to best 
account for non-linearity. Three sets of models were developed, 
with objectives summarised below: 

Spatial pattern of dolphin persistence. The objective of 
the first set of models was to identify which factors best explained 
the observed geographic pattern of range decline. The presence or 
absence of dolphins in each river section was modelled using a 
GLM and a binomial error distribution, with presently extant 



populations coded as 1 and extirpated populations coded as 0. The 
best fitting models were then used to predict the probability that 
dolphins are still present in the Harike-Hussainiwala river section 
on the India-Pakistan border (Fig. 1: no. 16), where dolphin 
presence is unknown. 

Temporal pattern of decline. The second model set 
included only sections where dolphins have been extirpated and 
examined which factors influenced when dolphins disappeared. 
The number of years since dolphins were sighted (as of 20 1 3) was 
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Figure 2. Aerial photograph of Sukkur Barrage. Image shows the seven canals diverting water out of the river, and demonstrates the 
dramatically reduced flows downstream (river flow direction right to left). 
doi:1 0.1 371 /journal.pone.01 01 657.g002 



the response variable modelled using a GLM with a quasi-Poisson 
error distribution. 

Time to extirpation. The third model set used a survival 
function to investigate which factors influenced the speed with 
which dolphin populations were extirpated following their 
isolation between barrages. We used the Kaplan-Meier estimate 
of survival which allows for the inclusions of censored data, in this 
instance allowing for the inclusion of river sections where dolphins 
have not yet been extirpated, as well as those where dolphins have 
disappeared. Each river section was qualified with a status 
assignment, where 1 = dolphins extirpated, and 0 = dolphins 
extant [2 7] . The time to extirpation was calculated as the number 
of years between the fragmentation date and either the LDSD if 
dolphins have been extirpated, or the current year, 2013, where 
they are still present. Time to extirpation and status together were 
the predictor variable (the Kaplan-Meier survivorship object) 
modelled using the 'survreg' function in the survival library of the 
program R [28]. Both an exponential and a Weibull error 
distribution were tested, and the Weibull distribution was selected 
as it provided a significandy better fit to the data (AAIC 15.17) 
[27]. 

All models were implemented using the program R 2.15.1 [28]. 
Logit, probit and cloglog link functions were included in global 
models and the logit function, which resulted in the best fit, 
applied. Variance Inflation Factors (VEFs) that demonstrate the 
degree of collinearity between variables were generated from the 
maximal models and collinear variables removed until VIF scores 
were less than five [27]. Three two-way interactions that described 
potentially meaningful relationships between variables (fragmen- 
tation date and dry season discharge, fragmentation date and river 
length, and river length and proximity to range edge) were 
included, as well as second and third order polynomials of 
significant variables. The binomial and survival models were 
simplified using backwards stepwise selection based on Akaike's 
Information Criteria (AIC). Quasi-Poisson models were selected 



on the basis of quasi- AIC (QAIC) scores, and non-significant terms 
were sequentially dropped based on their levels of significance. 
Models separated by at least two AIC /QAIC points were assumed 
to be significantly different [29]. Goodness of fit for the GLMs was 
measured by determining the proportion of the total deviance 
explained by the final model. Model plots were examined for non- 
normality of errors, statistical independence of observations, 
heteroscedasticity and influential points [30] . 

Results 

Pattern of Range Decline 

Historical dolphin sightings were obtained for all river sections 
formerly occupied by dolphins except for the area downstream of 
Kotri Barrage to the delta (Fig. 1: no. 7) and the stretch from 
Harike to Hussainiwala barrage (Fig. 1: no. 16) which is close to 
the India-Pakistan border. Our focus on retired fishermen and on 
areas from which dolphins have already been extirpated meant 
that the communities were forth-coming with information because 
it was not regarded by them as sensitive. However, there were very 
few elderly members of each fishing community and our pool of 
available informants was consequently small (n = 57). 79% of 
informants were, or had been, full-time commercial fishermen or 
contractors and the remainder were part-time subsistence fisher- 
men. There was no significant difference in the age of informants 
interviewed at each barrage (GLM p = 0.7) but older individuals 
were significantly more likely to have seen dolphins than younger 
informants (GLM p<0.01). We found no evidence that dolphins 
persist in any of the Indus tributaries in Pakistan. Of 17 sections of 
river, dolphins are extant in six, have been extirpated from ten, 
and in one border area that could not be surveyed (no. 16), 
dolphin presence or absence is unknown (Fig. 1). 
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Causes of Range Decline 

For each river section, dolphin presence or absence, estimated 
LDSD, and the time to extirpation were compiled along with the 
physical characteristics and these data included in each of the 
models (Table SI). On the upper Chenab River (Figl: no 1 1 & 12) 
the LDSD is that reported by Anderson in 1879. Time to 
extirpation was not calculated for these two sections reflecting the 
lack of recent sighting evidence and uncertainty of the extirpation 
date. 

Where dolphins are still extant the median monthly dry season 
river discharge averaged 30,830 cusecs (ranged 7,224-47,040 
cusecs), as compared to an average of 8,022 cusecs (range 0- 
38,000 cusecs) in locations from which dolphins have been 
extirpated. In general, sections of river where dolphins are still 
present were fragmented by barrages later, are further from the 
range periphery, are of longer length, have a shallower slope and 
greater dry season discharge than river sections where dolphins are 
no longer found. 

Sixteen river sections, 6 where dolphins are extant and ten 
where they have been extirpated, were included in the spatial 
GLM models. The VIFs generated from the full model indicated 
that river discharge and slope were collinear. Slope was considered 
to be less important than discharge in explaining dolphin range 
decline because it has not changed substantially in hundreds of 
years, and it was therefore removed from further candidate 
models. The final model that best explained the observed spatial 
pattern in Indus dolphin range decline retained the explanatory 
variables dry season river discharge and distance from range edge 
(Table 1). The probability that an Indus dolphin subpopulation is 
still extant increases with increasing distance from the range edge, 
and with increasing dry season river discharge (Fig. 3). The final 
spatial model predicted only a 2.6% probability that dolphins are 
still extant in the Harike-Hussainiwala river section in India that 
was not surveyed for dolphins. This is not unexpected given that 
this section has very low dry season discharge and is near the 
periphery of the dolphin's range, both factors that increase the 
likelihood of subpopulation extirpation. Although the linear 
arrangement of river segments might suggest a lack of statistical 
independence, there was no clumping of residuals according to the 
geographic position of the river segments, and the independence of 
observations was further shown by the Durbin-Watson test of 
correlated errors (p = 0.24). 

The variables that described the temporal pattern of Indus 
dolphin subpopulation extirpation were the same as those that 
influenced the spatial pattern of decline: dry season river discharge 
and distance from former range limit (Table 2). Within areas from 
which dolphins have disappeared, they were extirpated earlier 
from river sections where discharge was lower, and from those 
sections located near the periphery of the subspecies former range 
(Fig. 3). 

In river sections where dolphins have been extirpated, the mean 
time from fragmentation to the LDSD was 50 years (SD = 23, 
range = 9-76). For river sections where dolphins are still extant, 
the mean time from subpopulation isolation to present (2013) was 
57 years (SD = 15, range = 42-86). Thirteen river sections were 
included in the survival model (number 2, 10, 12 and 16 were 
excluded because of missing data) and the slope parameter was 
included. The final survival model retained four variables: median 
dry season river discharge, isolation date, length of river section 
and slope. Dolphin subpopulations were extirpated more quickly 
in sections with low dry season river discharge. Subpopulations 
persisted longer where the river slope is more gentle (e.g. in the 
lower reaches) and those that were isolated between barrages a 
long time ago persisted for longer than those in more recently 
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Figure 3. Significant relationships retained in GLM models of the causes of the spatial and temporal pattern of Indus dolphin 
decline. The figure demonstrates the probability that an Indus dolphin subpopulation is extant according to A) proximity to the edge of the former 
range and B) median dry season river discharge, and the relationship between the number of years since a dolphin was sighted and C) distance from 
the historical distributional limit, and D) median dry season river discharge. 
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subdivided river sections. Fifty years after Indus dolphins were 
isolated between barrages there is a less than a 50% chance that 
they will still be extant, and after 100 years this probability drops 
to 37%. 

Discussion 

Model evaluation 

The river discharge data used in these models were from the last 
ten years but they explained well the pattern of dolphin decline 
that occurred decades ago. Although river discharge varies from 
year to year, and has generally declined, the relative discharge 
among barrages (e.g. the spatial relationship) has remained 
constant with the same locations consistently reporting high (e.g. 
the upper Indus) and low discharge (e.g. Indus tributaries) over 
time. Therefore, the assumption implicit in this analysis that the 
present spatial pattern of discharge reflects that present during the 
period leading up to dolphin extirpation is not unreasonable. 

As for terrestrial habitats, such as forest fragments, we would 
have expected to see a relationship between species extinction and 
habitat patch size [5] . In fact, length of river section was one of the 
first variables to be excluded in candidate models. This may be 



because only the current configuration of 17 comparatively small 
habitat fragments were included in the models, and we did not 
consider the progression of escalating habitat fragmentation and 
concomitant diminishing fragment size over time. To investigate 
this, we constructed an additional model considering all 33 river 
sections that have existed since the onset of barrage construction 
(Table A2) in a binomial GLM, with dolphins recorded as 
extirpated (0) or still extent (1) in each river section at the point it 
was further subdivided. Explanatory variables were 1) Length of 
river section, 2) Isolation Date, and 3) End Date, taken as the year 
a new barrage was completed resulting in the sections further 
subdivision. When considering the entire history of habitat 
fragmentation, the models showed that dolphins were significandy 
more likely to be extirpated in smaller fragments (p<0.05), and 
that this relationship was independent of fragment creation date or 
duration. The link between species extirpation and habitat 
fragment size has been clearly established in terrestrial habitats 
for several species groups [5] but this is one of the first studies to 
show a similar relationship in riverscapes. It underlines the great 
importance of maintaining large sections of intact river habitat to 
sustain tropical aquatic biodiversity. 
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River discharge and distance from range periphery provided a 
good fit to the range decline data, explaining more than 76% of 
the deviance in the temporal model and 50% in the spatial model. 
However, three other aspects that may have also have played a 
role in the dolphins decline were not included as explanatory 
variables because of a lack of suitable data. These are a) water 
quality, b) incidental capture in fishing gear and c) hunting. The 
possible contributions of these to the Indus dolphin decline are 
discussed below. 

The magnitude of surface water pollution in Pakistan has 
increased at a dramatic rate over the last ten years and more than 
90% of industrial and municipal effluents enter water courses 
untreated [31]. The Indus tributaries flow through the industrial 
and agricultural heartland of Pakistan and are more polluted than 
the Indus River itself which has a greater dilution capacity and 
passes through remoter areas. There has been no systematic 
monitoring of river water quality that could provide data for this 
analysis. However, dolphins had already been extirpated from 
most areas prior to significant declines in water quality which 
occurred in the 1980s and 90s, and this asynchronous timing 
indicates that pollution was not primarily responsible for the 
dolphins' decline. 

Mortality from accidental capture in fishing gear is considered 
to be the greatest threat to most cetacean populations [32]. In the 
past, the Indus River main channel was not intensively fished 
because the water was too swift for easy manoeuvrability of oar- 
powered boats, and instead fishing focused on side channels and 
adjacent pools that are rarely used by dolphins [33]. Since 2010 
changing fishing practices in Sindh Province have led to an 
increase in dolphin mortality, however, prior to this there are very 
few records of incidental capture of dolphins in fishing gear and 
this is not likely to be a large factor in the decline of the Indus 
dolphin. 

Indus dolphins were killed for food, oil and medicine until the 
late 1970s when the animal became legally protected [17,34]. 
Information on dolphin hunting is sparse and un-quantified and 
records refer only to hunting on the Indus River, where dolphins 
are still extant. Although it is possible that dolphins were hunted 
throughout the river system, there is no evidence that this was so, 
and the fact that they persist in the places that hunting is reported 
to have been intense, and have disappeared from places where 
hunting was not reported, suggests that this was unlikely to have 
been the cause of the subspecies' decline. However, the timing of 
reported hunting coincides with the period of decline and without 
more information, it is not possible to completely discount the role 
of hunting. 

For the majority of the year the gates on all barrages are 
lowered to divert water into canals, and the physical opening is 
sufficiently small that it would be difficult or impossible for 
dolphins to pass through the gates and between different sections 
of river. It has been hypothesized that there may be consistent or 
frequent movements of dolphins through some barrages and 
between subpopulations [21,35]. It has also been theorised that 
due to the high water velocity and turbulence often found within 
the barrage gates it would be more likely for animals to move 
down-, rather than up-stream, and that this would lead to the 
downstream migratory attrition of upstream subpopulations 
[18,36]. The only evidence of this was obtained in 2009, when, 
during the annual canal maintenance period, which is one of the 
brief periods in the year when no water is diverted and barrage 
gates are fully open for several weeks, one radio-tagged Indus 
dolphin was recorded to move through the gates on Sukkur 
barrage in both an up- and down-stream direction (WWF-Pakistan 
unpublished). Each barrage is quite different in terms of design, 
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location and operation and one dolphin moving through Sukkur 
barrage does not prove that this occurs at other barrages, or that it 
is a regular occurrence. Therefore, for the purposes of this study, 
and in the absence of evidence to the contrary, we assume no 
significant migration between dolphin subpopulations. It is 
possible that future research may demonstrate that dolphins do 
move across some, or all, barrages with regularity and if the 
movement of individuals is primarily in one direction this would be 
another important factor to consider in the extinction dynamics. 
The pattern of subpopulation persistence near the range core, and 
earlier extirpation of subpopulations near the range periphery 
could perhaps be partially explained by the consistent downstream 
migration of animals, but again this pattern is disrupted by the 
presence of dolphins in the Beas River. 

Causes of Indus dolphin range decline 

The clear result of this study was the relationship between low 
dry season river discharge and the decline of the Indus dolphin. 
Reduced flows directly impact dolphins by reducing the physical 
space available to them, reducing average water velocity and 
depth and increasing water temperatures. Flow regulation is also 
likely to indirectly impact river dolphins due to declines in fish 
diversity, the dominance of generalist fish species, and increased 
success of invasive species [37,38], The dampened flood peaks 
typically associated with dams and diversions reduce the frequen- 
cy, extent and duration of floodplain inundation that determines 
how long fish can gain access to nursery habitat and food. Water 
abstraction also exacerbates and concentrates existing anthropo- 
genic threats, for example, increasing the concentration of 
nutrients and pollutants, and concentrating dolphins into deep 
pools that are also important areas for fishing, thereby increasing 
the chances of negative human interactions [39]. The altered 
hydrological regime on the Indus River has likely reduced the 
complexity of hydrologic and geomorphologic habitat and 
ultimately also diminished its carrying capacity and ability to 
support large numbers of aquatic megafauna. To preserve aquatic 
biodiversity, river management is needed that focuses on restoring 
both the timing and duration of flood pulses, as well as on 
maintaining critical minimum flows in the dry season. 

The persistence of dolphins in the Beas River, India is likely to 
be due to the presence of constant water supplies little depleted by 
diversions. Dolphins in the Beas River occur in an isolated habitat 
fragment as the river downstream is virtually dry, and only 
connected with the rest of the river system for a few weeks each 
year during the monsoon floods. This demonstrates that in the 
presence of sufficient water, and an absence of other threats, river 
dolphins can persist for decades even in relatively small fragments 
of habitat near the periphery of their range. This subpopulation is 
of conservation importance, as all other Indus dolphins occur in a 
single river, the Indus, and are therefore at risk from environ- 
mentally correlated catastrophic events [40]. However, based on 
the historical pattern of decline, Indus dolphins are most likely to 
disappear in the future from locations with low river discharge 
located closer to the range periphery, meaning that dolphins in the 
Beas (close to range periphery with moderate discharge) and 
between Sukkur and Kotri Barrages (with low discharge located a 
moderate distance from the former range edge) are most at risk. 

The date of habitat fragmentation was not selected by any of the 
models as a strong predictor of whether dolphins are still present. 
However depleted river discharge and habitat fragmentation by 
barrages are inextricably intertwined as barrages are responsible 
for diverting water, and they are a physical barrier that gready 
impedes or prevents the dispersal of dolphins out of impacted river 
reaches. 



Population extirpation, core habitat and conservation 

Contraction of geographic range is one of the principal 
characteristics exhibited by declining or threatened species 
[41,42]. In general, at the periphery of a species geographic 
range, populations occupy less favourable habitat and occur at 
lower and more variable densities. Therefore, as a species becomes 
endangered it is expected that its geographic range will contract 
inwards, and that populations will persist in the range core until 
the final stages of decline [43] . However, for many endangered 
mammals the pattern of range decline is instead dictated by the 
spread of factors driving the decline, with those populations last 
impacted, regardless of their location, persisting longer than those 
that were historically large [41,43]. The range of the Indus 
dolphin has also contracted inwards, and dolphins persist 
primarily in what is assumed to be the former range core or 
higher density area, however this is likely to be because the 
greatest threat, water extraction, is concentrated in the periphery 
of the subspecies range. This conclusion is supported by the 
continued persistence of the Beas River population at the range 
limit. However, that animals naturally occur at lower density in 
upstream areas and smaller rivers and are therefore more 
vulnerable near the range limit is also certainly a factor. The 
spatial pattern of Indus River dolphin decline is very different from 
the gradual decline in abundance described for the Yangtze River 
dolphin [16]. 

One of the greatest challenges in conservation science involves 
disentangling the relative contributions of multiple factors in the 
decline of species, especially when causes interact or vary spatially 
and temporally with importance [44]. Nevertheless, the primary 
factor identified in these models (i.e. low dry season discharge due 
to water diversion at barrages) is well supported, and is also the 
most salient for informing current ecosystem management. In the 
Mekong River, numerous stressors such as fisheries bycatch, 
hunting and habitat destruction have reduced the resident 
Irrawaddy dolphin (Orcaella brevirostris) population to less than 
1 00 individuals [45] . The results of our study suggests that habitat 
fragmentation and/or flow disruption associated with the many 
proposed new dams on the Mekong are likely to further drive 
Irrawaddy dolphin decline potentially leading to local extinction. 
The Indus dolphin range decline is probably most prescient for the 
related Ganges dolphin (Platanista gangetica gangetica) which occurs in 
the neighbouring Brahmaputra and Ganges River systems and is 
subject to the same threats. The Ganges River is fragmented by 
barrages and flow is severely reduced in many areas, and the 
Brahmaputra River system is the focus of massive hydropower 
development [46,47]. The range of the Ganges dolphin has begun 
to decline especially at the upper limit of the distributional range 
[48] , and if water development continues as planned the range of 
the dolphin is expected to continue to shrink towards larger 
habitat fragments with higher discharge that are primarily in 
downstream locations. The results of this study suggest that other 
vertebrate populations in other large rivers, such as the Amazon, 
Orinoco and Ayeyarwady, will also respond with dramatic 
declines in range when dams and other water developments that 
reduce discharge, fragment habitat and change the hydrological 
regime are constructed. 

The amount of habitat fragmentation and level of water 
withdrawals from rivers in Pakistan is extreme, negatively affecting 
human communities, eroding the delta, destroying fisheries and 
concentrating pollutants. This study indicates that if water 
development plans in South Asia and the wider Himalayan region 
proceed as currendy proposed [10, 13] and follow the pattern 
demonstrated by the Indus, the resulting habitat fragmentation 
and flow disruption will likely cause large declines in resident 



PLOS ONE | www.plosone.org 



8 



July 2014 | Volume 9 | Issue 7 | e101657 



Causes of Range Decline of the Indus River Dolphin 



freshwater cetaceans and other freshwater dependent species. 
Healthy rivers are of great importance to communities, and it is 
critical that where developments are planned, environmental flow 
and impact assessments be conducted that balance human 
requirements for irrigation water and power with the habitat 
requirements of the aquatic ecosystem that are vital to humans. 

Supporting Information 

Table SI Details of extant and extirpated Indus dolphin 
subp opul ations . 
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